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Abstract The impingement of bubbly jets in distilled
water and ethanol has been experimentally studied on
ground. An experimental apparatus for the study of jet
impingement on ground and in microgravity has been
designed. The opposed-jet configuration with change-
able orientation is used in order to study which is
the better disposition to achieve an efficient mixing
process. The impact angle between jets that can be
changed from 0◦ (frontal collision) up to 90◦ (perpen-
dicular collision). The impinging jets are introduced
into a test tank full of liquid by means of two bubble
injectors. The bubble generation method, insensitive to
gravity level for low Bond numbers, is based on the
creation of a slug flow inside a T-junction of capillary
tubes of 0.7 mm of diameter. Bubble velocities at the
injector outlet and generation frequencies can be con-
trolled by changing gas and liquid flow rates. Individual
bubble properties and coalescence events, as well as
the whole jet structure are analyzed from the images
recorded by a high speed camera. Bubble velocities are
compared with the velocity field of a single-phase jet.
Rate of coalescence between bubbles is found higher in
ethanol than in water, creating a higher dispersion in
bubble sizes.
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Introduction
Bubbly jets have been the subject of many experimental
and theoretical studies, since many aeration control
applications or mixing devices require the use of small
bubbles with high area-volume ratio. The control of
the spatial dispersion of those small bubbles turns out
to be crucial for finding the optimal operation of such
applications. Recently, Lima Neto et al. (2008a, b)
and Suñol and González-Cinca (2010) investigated the
structure of single bubbly jets on ground and observed
two main regions characterizing the jet structure: a
conical zone near the nozzle outlet where inertial forces
are predominant and buoyancy can be neglected, and
a bubbly plume zone where bubbles rise steadily. This
difference between regions does not exist in micrograv-
ity conditions due to the absence of buoyancy forces.
The opposed-jet configuration has been used ex-
tensively for studying both laminar (Voropayev et al.
1992; Afanasyev et al. 1995; Voropayev et al. 2003) and
turbulent properties of fluids (Champion and Libby
1993; Eckestein et al. 2000; Alekseenko et al. 2002;
Chou et al. 2004; Weifeng et al. 2008). The basis of this
configuration is to bring two jets flowing along the same
axis in opposite direction into collision. As a result, a
narrow zone (the impingement zone of high turbulence
intensity) in which heat- and mass-transfer rates can be
highly intensified, is created.
The enhancement of jet flow control is frequently
desirable in many engineering applications, such as
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cleaning, aeration, and mixing devices (Wood et al.
1991; Yuan et al. 2004) and liquid-liquid extraction
processes (Saien et al. 2009). Many industrial applica-
tions require an improvement of fluid mixing efficiency,
and some of them have to deal with a flexible control,
according to operation conditions. As investigated by
Tsujimoto et al. (2006), such flexibility in the mix-
ing process can be achieved by changing the impact
angle between jets. A frontal collision between jets
results in a high mixing efficiency, while increasing the
impact angle, such efficiency becomes significantly di-
minished. The opposed-jet configuration with change-
able orientation, using impinging bubble jets, becomes
an attractive method for enhancing the mixing and
aeration processes. An important advantage of this
configuration is the direct control of operation, which
maintains high efficiency and low cost of such systems.
In the present work we describe an experimental
setup for the study of opposed bubbly jets with change-
able orientation to be used in a drop tower facility. We
present results obtained from ground experiments on
the impinging jet structure and bubble sizes in both
water and ethanol. Using the setup described here, we
expect to obtain new results on a future micrograv-
ity campaign to compare with the described here. In
“Jet Structure”, the distinction between the inertial
conical zone and the bubbly plume zone in normal
gravity is described. Bubble velocities are analyzed
from the movies recorded and are compared with
the velocity field of a single-phase jet in “Bubble
Velocities”. Finally, in “Bubble Sizes”, the size distri-
butions of the dispersed bubbles are analyzed.
Experimental Setup
The experimental setup has been designed to study the
structure of bubbly jet impingement in a drop tower
facility. A sketch of the experimental apparatus is
shown in Fig. 1.
The main body of the setup is the test section, which
consists of a 160 × 200 × 250 mm3 stainless steel tank
initially filled of liquid. The size of the tank is large
enough (compared to the bubble mean diameter which
is of order of 1 mm) to avoid any possible wall effects.
The tank is provided with two methacrylate windows,
which allow the illumination of the inside (using a
matrix of 280 ultra-bright LEDs and a diffuser sheet)
and the visualization and recording of the processes
that take place. A high-speed camera (RedLake
MotionXtra HG-SE) is used to capture the motion of
individual bubbles and the whole jet structure. The
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Fig. 1 Sketch of the experimental setup. Solid lines electric con-
nections, dotted lines gas tubes, dashed lines liquid tubes, dash-
dotted lines gas–liquid tubes. 1 Liquid tank, 2 filter, 3 pump,
4 flow meter, 5 power supply, 6 HS camera, 7 test tank, 8 LEDs,
9 injectors, 10 residual tank, 11 gas bottle, 12 pressure controller
and flow meter, 13 choked orifice, 14 PC
high-speed camera is operated at 1,000 frames per sec-
ond and a resolution of 640 × 512 pixels in order to
catch the coalescence phenomena between bubbles.
Two bubble injectors, whose operation is described
below, are placed inside the test tank one in front of
each other. The impact angle between bubble injectors
can be changed from 0◦, which corresponds to a frontal
collision between jets, up to 90◦, corresponding to a
perpendicular collision. The distance between injectors
can also be changed from 0 mm up to 100 mm. Bubble
sizes and velocities can be controlled by changing the
gas and liquid flow rates, QG and QL respectively.
In order to generate millimetric bubbles in a mi-
crogravity environment, a crossflow configuration is
created inside a 0.7 mm capillary T-junction. From one
branch of the T-junction, a liquid flow is introduced,
while a gas flow is injected from the other branch. This
method can generate a regular slug flow, which dictates
the final bubble size and generation frequency (see
Arias et al. (2009) for a detailed characterization of this
bubble generation method). The created slug flow is
driven into the test tank through dC = 0.7 mm diameter
capillary tubes.
The method used to generate bubbles is insensitive
to gravity force since Bond number is very low,
Bo = ρgd
2
C
γ
 1, (1)
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Fig. 2 Experimental setup and rack previous to be introduced
into the drop capsule
where ρ is the density difference between the liquid
and gas phases, g is the acceleration of gravity, dC is the
capillary diameter and γ is the surface tension. Thus the
behavior of the injectors in normal gravity is expected
to be the same as in low gravity conditions.
The experimental setup has been embedded in a rack
to be used inside the capsule of a drop tower. Snapshots
of the experimental setup and rack are shown in Fig 2.
The basic experimental operations, such as full con-
trol of the gas and liquid flow rates, lighting and camera,
are carried out remotely from a computer via wire-
less. The change of the distance and the impact angle
between jets are the only operations to be performed
manually between two consecutive drops.
Results and Discussion
We present on ground results in distilled water and in
ethanol, with the aim to compare them with those which
will be obtained in microgravity conditions in a near
future. The properties which differ in both liquids are
presented in Table 1.
Table 1 Density and surface tension of distilled water and
ethanol
ρ (Kg/m3) γ (N/m)
Distilled water 998 0.0728
Ethanol 789 0.0224
The momentum flux J can be considered as the main
parameter that characterizes the structure of a single-
phase jet (Schlichting 1979),
J = 2πρ
∫ ∞
0
rv2xdr (2)
where ρ is the density of the fluid, vx is the velocity in
the direction of injection, and cylindrical coordinates
(r, θ, φ) are used. Taking into account the effect of
both gas and liquid phases, the momentum flux can be
computed as:
J = JL + JG = 4
πd2C
(
ρL Q2L + ρG Q2G
)
(3)
where QL and QG correspond to the liquid and gas flow
rates, respectively. The momentum flux J is indicative
of the jet strength, and it will be used throughout the
paper.
Jet Structure
In normal gravity, the horizontal injection of a bubble
jet in a stagnant liquid is characterized by the dis-
tinction between two main zones as observed also by
Lima Neto et al. (2008b) and Suñol and González-
Cinca (2010). On one hand, a nearly conical jet near
the injector nozzle is distinguished, in which inertial
forces are predominant and bubble motion is irregular
and unpredictable. On the other hand, a bubbly plume
zone is obtained, in which bubbles rise steadily and
the bubble paths are straight lines where buoyancy is
compensated by the drag force. In this second region,
inertial effects are no longer significant and bubble
motion becomes predictable. Since buoyancy force is
absent in microgravity, there is only one type of region
in these conditions.
As a first approximation, the separation between the
inertial zone and the bubbly plume zone can be con-
sidered a straight line that coincides with the aperture
of the conical jet. This approximation can be applied
for a single bubbly jet, as done previously by Suñol
and González-Cinca (2010). However, when using the
opposed-jet configuration (see Fig. 3a), the interaction
between jets modifies the global jet structure and the
approximation is in principle not applicable. In this
perspective, a parameter δ is defined as the distance
between the injection axis and the point where bubbles
start a vertical rise. In Fig. 3b, a graphic definition of δ
is shown. This parameter gives information about the
regions where the inertial force becomes negligible. If
a bubble is located above δ, its motion is deterministic
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Fig. 3 (a) Snapshot of opposed bubble jets. (b) Average of 500
frames with definitions of the distance δ and 	
since it is rising steadily. On the contrary, if a bubble is
located below δ, the flow field is turbulent and bubble
motion is mainly dominated by inertial forces. The
parameter δ is measured along the distance from the
injection axis 	. The variation of δ as a function of 	 is
presented in Fig. 4 for distilled water and ethanol, using
different values of the momentum flux J and separation
distance between injectors s.
The behavior of δ(	) is almost linear in all cases,
which reflects that the straight line approximation can
still be considered valid, specially if the interaction
between jets is negligible (corresponding to the case of
large s). It can be observed a slight increase in slope at
high values of 	 in the case of distilled water when using
a high value of the momentum flux (J = 64 g cm/s2)
and a small separation between jets (s = 25 mm). This
is due to the interaction with the incoming jet: the
flow field generated by one jet becomes significantly
perturbed by the flow of the opposed jet, and some
bubbles suffer collisions in the central zone. As a result,
some of these bubbles coalesce, increasing notably their
size and starting a vertical rise under the action of
gravity. No significant differences have been observed
in the slope of δ(	) for the two liquids used. Although
different densities in water and ethanol would make
expect different slopes in δ(	), this was not clearly
observed in the parameter regime considered.
Bubble Velocities
Velocity of bubbles has been measured from the movies
recorded for different values of the momentum flux and
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Fig. 4 δ as a function of 	 for distilled water (a) and ethanol (b)
separation distance. Measurements have been done in
the jet centerline, near the injector nozzle, using a
horizontal injection configuration (0◦ impact angle) in
distilled water and ethanol.
Following the procedure used by Carrera et al.
(2008), we consider the Schlichting solution (Schlichting
1979) for a single phase turbulent jet, where the x
component (direction of injection) of the velocity reads
vx = 38πε0
J
ρL
1(
1 + η2/4)2
1
x
, (4)
where ε0 is the virtual kinematic viscosity, and
η = 1
4ε0
√
3J
πρL
y
x
. (5)
To avoid the divergence at x = 0, a parameter x0 is
introduced in order to take into account the finite size
of the nozzle. In the jet centerline, y = 0, and the
modified equation becomes
vx = 38πε0
J
ρL
(
1
x + x0
)
≡ θ(J) 1
x + x0 . (6)
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The structure of the turbulent liquid jet solution is inde-
pendent of J except for a velocity scale. Consequently,
all the measurements should collapse on a single curve.
In Fig. 5, we show quite a good fit of the velocity
measurements to the Schlichting solution of a single
phase jet, for distilled water (a) and ethanol (b). It
should be emphasized that the velocity field can only
be compared to that of a single jet at low values of x,
that is, near the nozzle where the interaction with the
incoming jet is still negligible, inertia is highly predom-
inant and bubble motion can be considered passive, so
the bubbles are carried away by the liquid.
Good agreement between measurements and the
Schlichting solution is obtained. However, at high val-
ues of x, the measured velocities are slightly lower
than the prediction. Such decrease in velocity near the
central zone is observed both in distilled water and in
ethanol. This can be due to the fact that the opposed
jet is perturbing the velocity field far from the injector
nozzle, changing bubble velocities to lower values near
the impingement zone (high values of x).
a
b
Fig. 5 (a) Bubble velocity in distilled water. Circles and squares
correspond to J = 54 g cm/s2 and J = 22 g cm/s2, respectively.
(b) Bubble velocity in ethanol. Circles and squares correspond to
J = 60 g cm/s2 and J = 20 g cm/s2, respectively. Lines correspond
to Eq. 6
Bubble Sizes
In order to predict the bubble size distribution, one
could consider the population balance method, which
writes
∂
∂t
n + ∇ · (vBn) + ∂
∂dB
(
n
∂dB
∂t
)
= S, (7)
where n(x, dB, t) is the local number density, dB is the
bubble diameter, vB(x, dB, t) is the bubble velocity and
S is the source term, due to coalescence or breakup
events.
It is convenient to divide the bubble sizes into N
classes, so the population balance equation for the ith
bubble class becomes
∂
∂t
ni + ∇ · (vBni) = Si, (8)
where the growth term have been neglected. In the
above equation, ni is the ith bubble class local number
density and Si is the source term for the ith bubble
class. No bubble breakup has been observed in the
recorded videos. Thus, if we only take into account the
coalescence events, the source term for the ith bubble
class writes (Pohorecki et al. 2001):
Si = 12
N∑
k=1
N∑
	=1
Ci,k	 −
N∑
j=1
Cij, (9)
where Ci,k	 is the creation of a ith class bubble from
coalescence between smaller bubbles from classes k
and 	,
Ci,k	 =
{
Ckl if Vk + V	 = Vi,
0 if Vk + V	 = Vi.
(10)
Here, Vi is the volume of a ith class bubble, and Cij
is the coalescence rate, which is usually defined as the
product between the collision frequency θij and the
coalescence efficiency Pij,
Cij = θij Pij. (11)
Modelling of θij and Pij gives the evolution of the bub-
ble size distribution in terms of the fluid properties, and
solving Eq. 8 one obtains the evolution of the bubble
size distribution (see Lee et al. 1987; Prince and Blanch
1990; Chesters 1991; Luo and Svendsen 1996; Kamp
et al. 2001; Lehr et al. 2002) for a detailed description
of the available models).
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When a steady-state region is attained, Eq. 8
becomes
∇ · (vBni) = Si = 0. (12)
In these conditions, a log-normal distribution can de-
scribe the considered bubble size distribution (Varely
1995; Kamp et al. 2001; Pohorecki et al. 2001; Colin
et al. 2008)
P(dB;μ, σ) = 1
dBσ
√
2π
exp
(
− (ln(dB/dC) − μ)
2
2σ 2
)
,
(13)
where μ and σ are fitting parameters.
In order to obtain the bubble size distribution ex-
perimentally, the diameters dB of approximately 1,000
bubbles have been measured for different values of the
momentum flux J. Measurements have been carried
out using an image processing software from 10 sample
frames with an automatic count of around 100 bubbles
each frame. The probability of a bubble to have a
certain size has been obtained dividing the number of
bubbles in a size range, by the total number of bubbles
counted. In Fig. 6, bubble size distributions are pre-
sented for two values of the momentum flux in distilled
water and ethanol. Log-normal distributions are fitted
to the data. The fitting parameters in Fig. 6a are μ =
0.44 ± 0.01 and σ = 0.37 ± 0.01 for ethanol and μ =
0.51 ± 0.03 and σ = 0.41 ± 0.03 for distilled water. In
Fig. 6b, the fitting parameters are μ = 0.30 ± 0.01 and
σ = 0.35 ± 0.01 for ethanol and μ = 0.25 ± 0.01 and
σ = 0.33 ± 0.01 for distilled water.
In all cases the majority of the bubbles have a size
slightly higher than the capillary diameter. Coalescence
events are the main responsible of the dispersion in size,
creating a large tail in the bubble size distribution. In
the case of high flow rates, more coalescence events
have been observed in ethanol, and the bubble size
distribution is thus slightly wider than in the case of
distilled water.
It is important to note that larger values of the
momentum flux correspond to bubbles with smaller
diameters. This comes from the difference between gas
and liquid densities (Eq. 3). Variations of QL have
a much stronger effect on the value of J than same
variations of QG. Thus, large values of J corresponds
to large QL, which generate smaller bubbles for a fixed
value of QG. On the contrary, for the range of flow
rates used, increasing QG gives rise to a large bubble
generation frequency, not inducing any changes in the
bubble size (see the linear regime in Arias et al. 2009).
a
b
Fig. 6 (a) Histogram of bubble diameters for J = 22 g cm/s2 in
distilled water, and J = 20 g cm/s2 in ethanol. (b) Histogram of
bubble diameters for J = 64 g cm/s2 in distilled water, and J =
60 g cm/s2 in ethanol. Solid and dashed lines correspond to a fit
by a log-normal distribution for ethanol and water, respectively
The obtained bubble size distributions are very sim-
ilar to that obtained by Varely (1995). In this work,
smaller bubbles were created using larger values of
the liquid flow rate, although the sizes studied ranged
from 0.2 mm up to 1 mm. Bubbly jets with mean bub-
ble diameters between 1 mm and 5 mm were studied
by Lima Neto et al. (2008a, b), obtaining similar size
Fig. 7 Series of snapshots in which the coalescence of a cluster of
small bubbles to create a larger one can be observed in ethanol.
Time (ms) is indicated in the upper left corner. Size of each
snapshot is 11 × 6 mm2
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distributions. Kamp et al. (2001) investigated the size of
bubbles in bubbly flows inside pipes (with bubble mean
diameter ranging from 2 mm up to 20 mm), finding
distributions close to the present ones. However, they
did not observe such long tails due to the coalescence
events, which occur most frequently after the bubbles
have left the pipes creating therefore the bubbly jet. An
example of this phenomenon presented in Fig. 7, where
a series of snapshots of a cluster of bubbles coalescing
into a single bubble can be observed.
Summary and Conclusions
We have presented an study of jet impingement in
distilled water and in ethanol. The design of an experi-
mental setup for the study of bubble jet interactions on
ground and in microgravity was described. On ground
results were presented in order to be compared with
those obtained in low gravity conditions. In normal
gravity, two distinct regions of bubbly jets can be ob-
served. First, a conical zone in which inertia forces
are predominant. Second, a bubbly plume zone where
bubbles follow straight paths rising with constant ve-
locity. The separation between the two zones has been
characterized for opposed bubbly jets in ethanol and in
distilled water. Bubble velocities at the jet centerline
have been measured and compared to the velocity field
of a single-phase jet near the injector nozzle. In spite
of the different properties of the two liquids studied,
no significant difference has been found neither in the
separation between the two zones nor in the bubble
velocities at the jet centerline. The size of the air bub-
bles inside the collision zone has also been measured,
reporting a slightly larger degree of coalescence in
ethanol than in distilled water for high flow rates. Fur-
ther studies are required both in normal gravity and in
microgravity in order to get deeper insight into the role
played by the gravity force on the bubbly jet structure.
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